in association with other subunits, confers low Ca 2ϩ permeability. Moreover, GluR1, GluR2, and GluR3 subunits have carboxy terminal domains that may serve to anchor the AMPA receptors to the cytoskeleton at the postsynaptic density; for example, GluR2 and GluR3 bind to GRIP (glutamate receptor-interacting protein; O'Brien et al., 1998).
Surprisingly, GluR2 interacts with NSF, a protein important for many membrane fusion events, including neurotransmitter release (Lin and Sheng, 1998). A direct role for NSF in maintaining the pool of functional postsynaptic AMPA receptors has been suggested by studies in which peptides or anti-NSF antibodies that disrupt GluR2-NSF interaction reduced the size of synaptic AMPA receptor currents (reviewed by Lin and Sheng, 1998). In the most recent report by Henley and colleagues (Noel et al., 1999), the inhibitory peptides caused a selective reduction in the frequency but not the size of AMPA receptor-mediated spontaneous responses; there were no changes in the NMDA receptormediated spontaneous events. These results indicate that upon blocking NSF-GluR2 binding, AMPA currents are reduced by inactivating individual synapses rather than by gradually reducing the number of functional receptors at each synapse. the CA1 region, the expression of GluR1-GFP at denhad been tagged with GFP in the extracellular N-terminal dritic spines increased in a NMDA receptor-dependent domain. GluR1-GFP that formed active homomeric and manner. Some of the increase also occurred at the cell heteromeric channel with GluR2 was functionally exsurface. Moreover, the tetanus facilitated clustering of pressed in organotypic hippocampal slices. The GFP intracellular GluR1-GFP in the dendritic shaft, perhaps label, however, remained mostly intracellular in the denreadying additional GluR1-containing AMPA receptors drites of hippocampal CA1 neurons, and very few recepfor delivery to the dendritic spine surface. These results tors were targeted to the dendritic spines. The apparent implicate GluR1 as the subunit that could be involved lack of exogenously overexpressed GluR1-GFP in the in waking up silent synapses during LTP. Because synspines suggests that there is an upper limit to the numaptic strength increase manifests very quickly, it remains ber of AMPA receptors that could occupy the dendritic to be seen whether the movement of GluR1-GFP also spines. Curiously, GluR1-GFP was efficiently delivered occurs immediately after the tetanus and if the AMPA to spines when expressed in dissociated neurons grown receptor redistribution is general or targeted to silent in culture. This difference may be a reflection of the synapses. fact that the intracellular mechanism for limiting AMPA receptors at dendritic spines, which is a key determinant It would also be of interest to directly demonstrate that the redistribution of exogenously expressed GluR1 subunit does not significantly contribute to ordinary synaptic transmission but instead is used as an enhancer in response to LTP induction protocol is representative of synaptic transmission under special circumstances. of the movement of AMPA receptors as one would exThe GluR1 knockout mice illustrate the possible pect. An alternative explanation is that the observed mechanistic differences in NMDA receptor-dependent redistribution of exogenous GluR1 could be limited to LTP expression between subregions of the hippocamhomomeric GluR1-GFP channels, whose formation might pus. While LTP is absent in CA1, it is expressed in the be promoted by the 3-fold overexpression. If the newly dentate gyrus of GluR1 knockout mice, albeit at lower delivered receptors are composed of homomeric GluR1 levels than in controls (Zamanillo et al., 1999). In the subunits, then one would expect a change in the rectidentate gyrus, therefore, the GluR1 subunit alone cannot fication properties of the synaptic responses and an satisfy the requirement for LTP expression. Accordingly, increase in dendritic Ca 2ϩ influx. Confirmation of the NMDA receptor-mediated currents are potentiated when composition of newly delivered receptors containing an LTP induction protocol is applied in the presence of GluR1-GFP and the distribution of endogenous GluR1 an AMPA receptor antagonist in the dentate (Hanse and and GluR2-the major subunit that interacts with GluR1
Gustafsson, 1992 A popular strategy for testing LTP as a cellular basis mice displayed normal viability, gross anatomy, and befor hippocampus-dependent learning and memory has havior. Also, despite the absence of one of the major been to demonstrate that the inhibition of LTP is accom-AMPA receptor subunits, synaptic transmission in the panied by a corresponding defect in hippocampus-depenmutant hippocampus appeared comparable to that in dent spatial memory tasks. Results from transgenic aniwild-type mice. Nevertheless, LTP in the CA1 region of mals with alterations in enzymes that are thought to be the hippocampus was greatly impaired in mutant mice essential for LTP have yielded much confidence in this compared to that in wild-type animals; thus demonstratapproach (Chen and Tonegawa, 1997). However, the ing that GluR1 is required for LTP expression.
report from Seeburg and Sakmann's groups illustrates Is the block in LTP due to an inability of animals withthat NMDA receptor-dependent LTP in the hippocamout GluR1 to convert silent synapses, as suggested by pus may not be the obligatory long-term synaptic plasthe work of Shi et al.? If that were the case, then two ticity needed for animals to learn and remember, at least points require consideration. First, the fact that GluR1 for the water maze task. confers mobility to AMPA receptors for converting silent
In consideration of the fact that the GluR1 subunit synapses suggests that, without GluR1, the proportion forms heteromeric complexes primarily with the GluR2 of silent synapses might be higher in mutant slices. As subunit, the consequences of GluR2 deletion would be of interest in comparison to the GluR1 mutants. Remarka result, the frequency of spontaneous AMPA responses ably, GluR2 knockout mice display enhanced LTP. The should be reduced in the mutants. Second, the apparincrease appears to be mainly caused by promoting the ently normal hippocampal circuitry in the mutant animals NMDA receptor-independent form of LTP in which Ca One feature of LTP is its reversibility: once established, In wild-type rat hippocampus, the majority of AMPA application of low-frequency stimulus train can dereceptors are heteromeric complexes composed of crease the synaptic strength. When applied to naive GluR2 with either GluR1 or GluR3. In GluR1 knockout synapyses (i.e., in fresh brain slices), such low frequency mice, synaptic responses were normal and there were stimulation induces a long-lasting depression of synapno compensatory changes in the expression levels of tic responses known as long-term depression (LTD). If either GluR or NMDA receptor subunits. It might then AMPA receptor insertion is the mechanism by which be of interest to test which GluR subunit combinations LTP is expressed, its reversal might involve removal of actually mediate synaptic AMPA responses in mutant AMPA receptors from the dendritic sites. In this case mice. Curiously, in the GluR1 knockout mice, GluR2 exone might expect that LTD would also be impaired in pression levels were increased in the soma and deGluR1 knockout mice. Recent work from Malenka and creased in the basal and apical dendrites. While this colleagues demonstrates that GluR1 subunits indeed result suggests that pairing of GluR2 with GluR1 is remove away from synaptic locations in response to LTD quired for assembly and dendritic targeting of GluR1/R2 induction protocol in cultured hippocampal neurons heteromeric AMPA receptors, it confounds the possible (Carroll et al., 1999). A decrease in the frequency of composition of the channels in the postsynaptic densispontaneous miniature events indicated a reduction in the number of functional synapses. The bidirectionality ties. An intriguing possibility would be that the GluR1
